Sphingosine-1-phosphate (S1P) is a phosphorylated product of sphingosine, the core structure of the class of lipids termed sphingolipids. S1P is a naturally occurring lipid metabolite, and usually is present at a concentration of a few 100 nanomolar in human sera. S1P has been found to exert a diverse set of physiological and pathophysiological responses in mammalian tissues through the activation of heterotrimeric G-proteins that in turn modulate the activity of various downstream effecter molecules. In blood vessels, vascular endothelial cells and smooth muscle cells express specific receptors for S1P that modulate vascular tone. This article will provide a brief overview of S1P metabolism in the vasculature and will discuss some of the pathways whereby S1P regulates intracellular signal transduction pathways in endothelial and smooth muscle cells, leading to the activation of both vasorelaxation and vasoconstriction responses.
Introduction
Many bioactive substances regulate vascular tone either by directly modulating smooth muscle layer or by stimulating endothelial cells (ECs) to release bioactive molecules that diffuse to and regulate vascular smooth muscle cell (VSMC) responses. Sphingosine-1-phosphate (S1P), a member of a large family of lipid metabolites termed sphingolipids, is capable of regulating a wide array of biological processes such as proliferation, migration, survival, differentiation, among others. 1 Many of these cellular responses are initiated by S1P binding to and activating a family of G-protein coupled S1P receptors. Five independent S1P receptor subtypes have been identified in mammals termed S1P [1] [2] [3] [4] [5] (previously known as endothelial differentiation gene receptors 2 ). S1P and S1P receptors have critical effects on morphogenesis and embryonic development of the vasculature as well as the heart. 3, 4 It should be also noted that at least some of the S1P actions appear to occur by way of its intracellular molecular targets, independently of S1P receptors. 5 A calcium channel termed sphingolipid calcium release-mediating protein of the endoplasmic reticulum (SCaMPER) may represent an intracellular target of S1P actions, 6 although the identity and characteristics of intracellular target molecules of S1P remain less well understood within endothelial and VSMCs. S1P also represents one of the key latest additions to the list of 'vasoactive' substances that modulate vascular tone. Regulation of vascular tone by S1P displays both common and distinct features with other vasoactive compounds, and differential modulation of S1P responses may have physiological and therapeutic implications for many cardiovascular disease states.
2. Biosynthesis and metabolism of sphingosine-1-phosphate
Metabolic pathways of sphingosine-1-phosphate
Sphingolipids are widely distributed in virtually every class of mammalian cells. For many years, sphingolipids were considered to serve principally as structural components of cell membranes, without discernable roles in signal transduction. We now know that many sphingolipids are also capable of functioning as signal mediators both as receptor ligands and as intracellular second messengers. Sphingosine is an amino alcohol containing an unsaturated hydrocarbon chain and undergoes a broad array of metabolic transformations in mammalian cells. The lipid-containing products of sphingosine are termed sphingolipids. For an extensive review of biosynthesis and metabolism of sphingolipids in general, see Futerman and Hannun. 7 In brief, sphingosine kinases (SphK) catalyse the ATP-dependent phosphorylation of sphingosine to produce S1P. Thus far, two different SphK isoforms have been found in mammals named SphK-1 and SphK-2, each having distinct patterns of tissue distribution and enzymatic properties (see review 8 ). Degradation of S1P is catalysed both by S1P lyase, an enzyme that cleaves S1P into hexadecanal and phosphoethanolamine, and by S1P phosphatase, which dephosphorylates S1P back into sphingosine.
9 S1P concentrations are typically in the range of several 100 nanomolar in normal adult human blood, and the serum S1P level is usually higher than that in plasma (see review 9 and references therein). It is interesting that S1P in blood is enriched in specific lipoprotein fractions, notably in high-density lipoproteins (HDLs), 10 while some other related lipid metabolites appear to exhibit differential pattern of plasma lipoprotein distribution. It is tempting to speculate that distinct distribution patterns of S1P and other related lysophospholipid mediators within specific plasma lipoprotein fractions are associated with differential responses of cardiovascular cells to a given plasma lipoprotein fraction (see review 10 ). The cellular source of blood S1P is a topic of active investigation, and local S1P concentrations in vascular beds may vary considerably (discussed below). In general, S1P concentrations within most cells and organs (except for blood platelets) appear to be lower than those in blood; however, it is possible that intracellular S1P concentrations may be differentially modulated in various subcellular locales.
Cellular sources of blood sphingosine-1-phosphate that modulates vascular sphingosine-1-phosphate receptors
The cellular origins of plasma S1P that binds to and activates specific S1P receptors in the vascular cells remain incompletely understood. The work by Yatomi et al. 11 first postulated that platelets serve as a key source of S1P in blood. This was based on analyses of the specific enzymatic profiles of platelets, which are enriched in the activity of SphK, while being essentially devoid of S1P lyase activity. As a result, platelets are distinctly enriched in S1P. Furthermore, stimulation of platelets with thrombin leads these cells to release large amounts of S1P. 11 Recent studies have broadened our understanding of the S1P-producing 12 and -releasing 13 pathways in platelets.
Mammals express two distinct SphK isoforms, SphK-1 and SphK-2. It had been difficult to ascertain the differential cellular contributions to blood S1P in greater detail, in part because the complete deletion of all four SphK alleles is embryonic lethal in mice.
14 Recent studies, however, have reported major advances in our understanding of the cellular origins of blood S1P. For example, Pappu et al. 15 used a conditional gene ablation approach to obtain mice that are deficient in both SphK isoforms but are still able to survive until adulthood. Exploiting an elegant transfusion approach using cells derived from these 'SphK-deficient' mice, they demonstrated that red blood cells rather than platelets play a pivotal role to maintain blood S1P abundance in this model. 15 Another cellular source of blood S1P which activates cardiovascular cells may include ECs themselves. Vascular ECs express significant levels of SphK activity and contain detectable S1P. Several extracellular stimuli, including the cytokine tumour necrosis factor alpha, may activate endothelial SphK, and thereby lead to augmented S1P production. 16 Another feature of endothelial SphK enzyme is that SphK-1 isoform undergoes export to the outer leaflet of plasma membrane and releases S1P into the extracellular space. 17 Using multiple complementary experimental approaches, Venkatamaran et al. 18 recently showed that ECs indeed represent a key source of plasma S1P. Thus, SphK/S1P may modulate vascular S1P receptors through paracrine and/or autocrine pathways. VSMCs may also participate in local S1P metabolism that may influence vascular tone. A recent study by Peter et al. 19 showed that endogenously expressed S1P phosphatase isozyme SPP1 in Hamster gracilis muscle resistance arteries antagonizes the proconstrictive effects of S1P-producing enzyme SphK-1. These and other findings suggest that modulation of local S1P metabolism by smooth muscle cells can participate in the regulation of vascular tone.
3. Sphingosine-1-phosphate as a novel activator of endothelial nitric oxide synthase 3.1 Endothelial nitric oxide as a key determinant of vascular tone Promotion of NO production represents a key feature of vascular S1P system that modulates vascular tone. NO is synthesized in mammalian tissues by three distinct isoforms of NO synthase (NOS) and participates in a wide array of signalling processes in nearly all types of mammalian cells. NO was first identified as endothelium-derived relaxing factor, a naturally occurring signal mediator that is a key determinant of vascular tone. NO produced in the vascular endothelium by the endothelial isoform of NO synthase (eNOS) diffuses to the subjacent VSMCs, where NO activates the soluble isoform of guanylate cyclase, thereby increasing intracellular cyclic guanosine monophosphate (cGMP) and promotes vascular smooth muscle relaxation. The eNOS, encoded by the NOS3 gene, is the principal source of NO within cardiovascular cells. Vascular NO derived from eNOS modulates numerous essential vascular functions, including regulation of blood pressure, inhibition of platelet aggregation, and inhibition of leukocyte adhesion, among others (see review 20 ). While we focus on eNOS regulation by S1P receptor systems in this article, readers are invited to another review paper in which we discussed more general aspects of the eNOS/NO system. 21 
Endothelial sphingosine-1-phosphate receptors that activate endothelial nitric oxide synthase
In vascular ECs, several S1P receptor subtypes serve to activate eNOS and promote NO production. Early studies of S1P regulation of eNOS exploited a heterologous expression system in which COS-7 cells were transiently transfected with plasmids encoding eNOS and S1P 1 (EDG-1) receptors. 22 Addition of S1P to these co-transfected cells led to robust NO production. S1P did not activate eNOS in the absence of co-transfected S1P 1 receptors, indicating that this action of S1P is mediated by S1P 1 receptors rather than by its intracellular actions. S1P was found to stimulate NO production in cultured native bovine aortic ECs (BAEC). S1P induced marked increases in NO production in a dosedependent manner with an approximate EC 50 value of 10 nM, 23 which is in good agreement with many other receptor-dependent endothelial responses to this lipid. Like many other lipid mediators, S1P in plasma is principally protein-bound. This may explain why the total blood S1P concentration is so much higher than that sufficient to activate eNOS. The principal S1P receptor subtype in these cultured vascular ECs was found to be the S1P 1 subtype, as determined by quantitative northern blot assays. 24, 25 'Knock down' of S1P 1 receptor expression by means of transient transfection of small interfering RNA (siRNA) showed that the S1P 1 receptor subtype is indispensable in eNOS responses to S1P in cultured ECs, 26 indicating that the S1P 1 subtype plays a key role in mediating eNOS activation by S1P. It is important to note that the degree of eNOS activation by S1P is comparable to those attained by other classical eNOS agonists, including bradykinin or vascular endothelial growth factor (VEGF), suggesting quantitative importance of eNOS activation by S1P. 23 ,27 S1P has since been found to activate eNOS in many other cultured EC types, including human umbilical vein endothelial cells 28 (HUVEC) as well as bovine lung microvascular ECs. 25 In blood vessels isolated from rodent mesenteric arterioles and thoracic aorta, S1P activates eNOS via pertussis toxinsensitive G-protein-coupled receptor (GPCR) pathways. 29 Taken together, these studies have now added the S1P/ S1P 1 receptor system to the list of GPCR pathways of vascular ECs that lead to quantitatively important NO production by means of eNOS activation.
Although S1P 1 receptors appear to play a major role in mediating S1P activation of eNOS, other S1P receptor subtype(s) in vascular ECs may also play significant roles in distinct regulatory processes influencing vascular tone. For example, genetic as well as pharmacological experiments demonstrated that S1P 3 subtype activates eNOS in mouse arteries in response to S1P present in HDL. 30, 31 Therefore, other S1P receptor subtype(s) than S1P 1 may also participate in the regulation of vascular tone in a manner that may depend on the receptor subtype expression profile in a given experimental model of blood vessels.
3.3 S1P 1 receptor expression levels as a determinant of sphingosine-1-phosphate activation of endothelial nitric oxide synthase Another important feature of S1P/S1P receptors as an eNOS-activating system is that the expression levels of S1P 1 receptor subtype are subjected to dynamic regulation by cell stimulation, consequently determining the degrees of NO production in response to a given amount of S1P. In BAEC, VEGF up-regulates expression of S1P 1 receptors at both levels of mRNA and protein, in a manner sensitive to pharmacological inhibition of protein kinase C (PKC) pathways. 32 Increases in S1P 1 expression levels are associated with enhanced eNOS phosphorylation/activation of cultured ECs as well as those of isolated blood vessels in response to subsequent stimulation with S1P, suggesting that at least some of the newly synthesized S1P 1 receptor molecules are functional. Thus, VEGF may dynamically regulate the expression levels of S1P 1 receptors and the magnitudes of eNOS responses to S1P by way of PKC pathways. Indeed, the acute up-regulation of S1P 1 transcripts following the treatment of cultured ECs with phorbol esters was found at first during the initial discovery process of these receptors (which were originally termed EDG-1 receptors) by Hla and Maciag. By treating HUVEC with phorbol-12-myristate-13-acetate (PMA), these investigators found an immediate early gene whose expression levels are drastically up-regulated following PMA. 33 Since treatment with PMA induces ECs to differentiate to 'angiogenic' phenotypes, this gene was named endothelial differentiation gene-1 (EDG-1), now renamed as S1P 1 after the discovery of its ligand. Thus, PKC activation may play a pivotal role in modulating S1P 1 transcript/protein expression to determine the amounts of S1P-dependent NO production via eNOS. Endothelial stimulation with VEGF also leads to activation of SphK in HUVEC, 34 making it possible that endothelial S1P release evoked by VEGF may activate eNOS via up-regulated S1P 1 receptors in an autocrine/paracrine fashion to promote further NO production. Some groups have reported that treatment of cultured ECs with S1P leads to transactivation of the VEGF receptor kinase insert domain receptor (KDR) (also termed VEGR-2). 35, 36 However, it is not clear whether this mechanism is so quantitatively important for endothelial S1P signalling, because siRNA-mediated down-regulation of KDR abundance in cultured ECs fails to attenuate eNOS responses to S1P. 37 In addition to VEGF, many other extracellular stimuli are also capable of modulating expression of S1P 1 receptors in ECs and thereby affecting the eNOS responses to S1P. Blood vessels are continuously exposed to oxidative stress, which may be defined as excess production of reactive oxygen species (ROS), which in turn may be affected by cellular metabolism, by local inflammation, or even by turbulent blood flow. 38 Hydrogen peroxide (H 2 O 2 ), an abundant ROS, was found to augment S1P 1 receptor expression and S1P-dependent eNOS activation. 39 Clinically relevant pharmacological agents may also regulate S1P 1 receptor expression. One example is the class of drugs termed 'statins', which are inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A reductase, a rate-limiting enzyme of cholesterol synthesis in liver, and widely used for cholesterol lowering therapy in patients. Statins exert pleiotropic actions outside the liver as well, notably in vascular endothelium (see review 40 ). Some of these statins are able to augment expression of S1P 1 receptor mRNA and protein, associated with higher levels of NO production not only in response to S1P but also to HDL in vitro. 26 Thus, a wide spectrum of endothelial stimuli may modulate the abundance of S1P 1 receptors and the magnitude of S1P-elicited eNOS activation. These stimuli include polypeptide growth factors (e.g. VEGF), ROS such as H 2 O 2 , and therapeutic agents including statins. The therapeutic and pathophysiological implications of these findings remain to be explored in greater detail.
The promoter region of S1P 1 gene has not yet been extensively characterized in ECs, and mechanistic insights into the factors modulating S1P 1 transcriptional regulation remain to be elucidated in detail. The degrees of S1P 1 receptor expression in T-lymphocytes appear to represent a key determinant of egress of these cells from thymus into peripheral blood, 41 and the transcription factor Kruppel-like factor 2 has been observed to activate lymphocyte S1P 1 expression. 42 
Endothelial signalling machinery that connects sphingosine-1-phosphate receptors to endothelial nitric oxide synthase activation
In vascular ECs, signalling pathways that connect S1P receptor activation to eNOS activation have been extensively characterized. Compartmentalization of signalling proteins is an important cellular tool to afford efficacy and specificity of inter-molecular communication processes. eNOS is targeted to the invaginated domains of the cell membrane called plasmalemmal caveolae, 43 and this distinctive subcellular localization plays a vital role in eNOS regulation. Targeting of eNOS to caveolae is determined by a unique feature of this NOS isoform, which is dually acylated at its N terminus by the saturated fatty acids myristate and palmitate (see review 44 ). eNOS myristoylation occurs co-translationally at its glycine 2 residue 45 and is irreversible, whereas eNOS palmitoylation occurs post-translationally at cysteine residues 15 and 26 and is reversible. 46 A large body of biochemical as well as cell biological evidence has accumulated to establish that a major fraction of eNOS protein is specifically enriched in caveolae microdomains. 47 Compared with the surrounding plasma membrane, caveolae are relatively enriched in cholesterol and sphingolipids, which together decrease the fluidity of these discrete membrane regions. The distinct 'ordered fluid' phase characteristic of caveolae seems to influence targeting of proteins involved in a variety of signalling pathways, and thus may function to facilitate a broad range of proteinprotein and protein-lipid interactions necessary for cellular signal transduction. Importantly, S1P 1 receptors are targeted to caveolae, thereby establishing the physical proximity of receptor/effecter proteins required for S1P-induced eNOS activation. 22 eNOS was found to interact with caveolin, which is the transmembrane scaffolding protein that characterizes caveolae. There are three isoforms of caveolin, of which the ubiquitous caveolin-1 isoform and the muscle-restricted caveolin-3 isoform interact with and regulate eNOS within vascular ECs and within cardiac myocytes, respectively. 48 The direct interaction of caveolin with eNOS leads to inhibition of eNOS enzyme activity; this inhibitory interaction of caveolin with eNOS takes place through the caveolin midmolecule 'scaffolding domain'. 49 Importantly, when ECs are stimulated to elevate [Ca 2þ ] i , calmodulin replaces caveolin to increase NO production. With more prolonged agonist stimulation, eNOS translocates from caveolae to intracellular membranes, but this reversible targeting probably is not significantly influenced by eNOS-caveolin interactions, but rather is a consequence of reversible acylation of eNOS. eNOS palmitoylation is dynamically regulated, and this reversible post-translational modification appears to play a key role in the receptor-modulated subcellular translocation of eNOS in native ECs, as seen in bradykinin B2 receptorelicited eNOS regulation. 50 Because eNOS mutants that are deficient in palmitoylation or myristoylation exhibit aberrant phosphorylation patterns in response to S1P in cultured BAEC, 51 it is plausible that caveolae targeting of eNOS afforded by enzyme's acylation plays pivotal roles in S1P receptor-elicited activation processes as well. Thus, the reversible fatty acid modification of the enzyme seems to provide an additional level of control in eNOS subcellular localization. Together, these regulatory processes involving plasmalemmal caveolae, termed the eNOS-caveolin regulatory cycle, 52 play key roles to determine eNOS activity, which is reciprocally controlled by caveolin vs. calcium/calmodulin. S1P elevates [Ca 2þ ] i concomitant with eNOS activation in cultured ECs, 53, 54 and conversely, chelation of intracellular calcium abolishes S1P-mediated NO production. 23, 27 Overexpression of caveolin in heterologous cells co-expressing eNOS and S1P 1 receptors attenuates the degree of eNOS activation induced by S1P. 22 Thus, eNOS regulation by S1P is fundamentally dependent on intracellular calcium, and appears likely to be reciprocally modulated by caveolin/calmodulin in a fashion similar to that of the other calcium-mobilizing eNOS agonists. eNOS regulation by S1P involves another set of signalling pathways that modulate enzyme's phosphorylation at the serine 1177 residue; this phosphorylation of eNOS at its C terminus 'sensitizes' the enzyme to activation at lower levels of calcium in vitro. 55 Full activation of eNOS by S1P requires a pathway comprising G-protein-coupled S1P receptors; pertussis toxin-sensitive G-proteins, especially G-protein b-g subunits that modulate the b-isoform of phosphoinositide 3-kinase (PI3-K); and protein kinase Akt, which phosphorylates eNOS at the serine 1177 residue. 23, 27 Subsequent studies, using siRNA-mediated knock down of selected signalling proteins in ECs, established that the AMP-activated protein kinase and the small G-protein Rac1 represent a key upstream regulatory pathway that couples S1P receptor activation and stimulation of PI3-Kb/Akt. 37, 56 It is important to mention that both AMP kinase and Rac1 are negatively regulated by caveolin. 37 Collectively, these observations support a model in which at least two interrelated pathways of eNOS regulatory processes are involved in S1P-dependent activation of eNOS: the eNOS activation pathway modulated by calcium/calmodulin vs. caveolin is importantly influenced by phosphorylation pathways, which in turn involve multiple phosphorylation/dephosphorylation events that alter phosphorylation of eNOS at multiple sites on the enzyme. Thus, there are multiple regulatory loci that could provide opportunities for molecular cross-talk in the pathways for S1P-dependent eNOS activation (much remains to be learnt). These proximal signals evoked by S1P receptor activation exhibit significant similarities and differences in comparison with other eNOS activators, 57 identifying potentially important points of control in receptor-regulated eNOS activation pathways. eNOS phosphorylation pathways also involve other protein kinases and phosphatases at additional serine/threonine and tyrosine residues. 21, 58 4. Sphingosine-1-phosphate as a constricting agent of vascular smooth muscle cells
Sphingosine-1-phosphate receptors in vascular smooth muscle cells
As also observed in ECs, VSMCs express several S1P receptor subtypes, some of which mediate constriction responses of these cells to S1P. Expression of the S1P receptor subtypes S1P 1 , S1P 2 , as well as S1P 3 has been detected in immunoblots of smooth muscle cell membrane preparations derived from rat cerebral artery as well as thoracic aorta. 59 Salomone et al. recently showed that S1P loses its vasoconstricting activity in knockout animals lacking S1P 3 receptors and, conversely, compound VPC23019, an antagonist of S1P 1 and S1P 3 receptors, blunts S1P-elicited constriction. S1P itself induces robust constriction responses in basilar arteries isolated from either wild-type or homozygous knockout mice of S1P 2 . These authors, therefore, conclude that S1P 3 subtype plays a major role to mediate constriction responses under these conditions. 60 However, Lorenz et al. 61 demonstrated that S1P 2 receptor knockout mice exhibit markedly decreased mesenteric as well as renal vascular resistance, suggesting that this receptor subtype plays a key role in maintaining basal vascular tone in these organs. In addition, in isolated Hamster gracilis muscle resistance arteries, either genetic inactivation of S1P 2 subtype by transient transfection using antisense oligonucleotide or the use of a selective S1P 2 antagonist JTE-013 blunts the enhanced myogenic constriction responses elicited by S1P. 19 Thus, S1P may differentially evoke vasoconstriction or vasorelaxation responses depending on the expression of distinct receptor subtypes (S1P 2 and/or S1P 3 ) in different organs and in different animal species.
The abundance of S1P 1 receptors is dynamically regulated in smooth muscle cells 62 as well as in ECs (discussed above). Cultured VSMCs derived from the blood vessels of rat pups appear to express much higher levels of transcripts encoding S1P 1 than do smooth muscle cells from adult rat aorta. Conversely, overexpression of S1P 1 receptors in adult aortic smooth muscle cells leads to higher degrees of cell migration as well as proliferation responses of these cells to S1P, 62 suggesting that perhaps the S1P 1 receptor subtype participates in developmental regulation of VSMCs and blood vessel formation. Interestingly, a recent study showed that S1P 1 /S1P 3 receptors promote proliferative responses of smooth muscle cells in balloon injury models in vivo and in cultured cells in vitro, whereas S1P 2 receptors antagonize these responses. 63 However, the roles of S1P 1 in constriction responses of VSMCs remain less completely characterized. In addition, the activation of S1P receptors induces constriction responses in smooth muscle cell of non-vascular origin. For example, in rabbit gastric smooth muscle cells, S1P induces biphasic constriction responses via S1P 1 and S1P 2 receptor subtypes. 64 In human airway smooth muscle cells, S1P elicits constriction responses mediated by S1P 2 receptors. 65 
Vasoconstriction pathways elicited by sphingosine-1-phosphate in smooth muscle cells
Signalling pathways that mediate smooth muscle constriction have been extensively studied, and the activation of vascular smooth muscle S1P receptors modulates at least some of these molecules. The major trigger for smooth muscle contraction is a rise in [Ca 2þ ] i . Increased [Ca 2þ ] i promotes binding of calcium to calmodulin and this complex activates a protein kinase that phosphorylates myosin light chain (MLC) termed MLC kinase (MLCK). 66 Classical agonists of smooth muscle G-proteincoupled receptors such as serotonin and histamine activate the phosphoinositide cascade, which in turn stimulates calcium release from the sarcoplasmic reticulum. 67 These pathways also promote calcium influx from extracellular sources by the activation of various calcium channels.
68 S1P was found to induce calcium release from intracellular stores in rat cerebral arteries.
59 S1P also induces pertussis toxin-sensitive transient calcium mobilization in cultured smooth muscle cells derived from rat aorta. 69 Thus, S1P appears to modulate calcium-mobilizing pathways in smooth muscle cells in a manner similar to other classical G-protein-coupled receptor agonists.
Phosphorylation of the MLC by MLCK in VSMCs enhances the interaction of myosin II with actin, thereby results in enhanced cross-bridge cycling, ultimately leading to smooth muscle contraction. 66 MLC phosphatase (MLCP) is an enzyme that dephosphorylates MLC. Agonist stimulation of G-protein-coupled receptors leads to activation of the small G-protein RhoA, which in turn regulates a protein kinase termed Rho-associated kinase (ROK) as well as specific isozymes of PKC. ROK and PKC attenuate the activity of MLCP either independently or synergistically, and thereby promote smooth muscle cell contraction. 66 Vasoconstriction responses evoked by S1P receptor activation in smooth muscle cells have been attributed to RhoA/ROK pathways based on pharmacological experiments. For example, in human coronary artery smooth muscle cells, S1P-elicited constriction responses are blunted by C3 botulinum toxin, which inhibits RhoA, and are also inhibited by compound Y-27632, which inhibits ROK. 70 In cultured smooth muscle cells derived from rat cerebral arteries, S1P activates RhoA. 59 The ROK inhibitor Y-27632 also counteracts S1P-elicited constriction responses in canine basilar arteries 71 as well as in hamster gracilis muscle small resistance arteries. 72 The roles of RhoA/ROK pathway have been documented in several smooth muscle models, but roles of PKC in S1P-dependent contraction remain less completely characterized. When smooth muscle cells are exposed to eNOS-derived NO, cGMP-dependent protein kinase (PKG) gets activated. PKG promotes activation of MLCP, thereby leading to relaxation of smooth muscle cells. 66 Although smooth muscle cells express caveolae microdomains and caveolin (see review 73 ), the roles of caveolae and caveolins in S1P signalling remain less well characterized in VSMCs. Of note, in hamster gracilis muscle small resistance arteries, S1P induces acute translocation of the MLCP from cytosol to membrane fractions. 72 5. Sphingosine-1-phosphate overall vessel tone reactions S1P is capable of activating both vasorelaxation responses mediated by eNOS/NO in ECs and vasoconstriction responses mediated by RhoA/ROK pathways in smooth muscle cells. What then are the overall consequences of S1P receptor activation for vascular tone? The answer appears to lie in the fact that S1P modulation of vascular tone takes place in a highly context-dependent manner, depending on the specific vascular bed being studied, by specific experimental conditions, including important differences between animal species. In any experimental system, the net effect of S1P on vasorelaxation vs. vasoconstriction responses is also importantly influenced by the S1P concentrations being studied and by the use of other vasoactive drugs, possibly with additional influences being reflective of vascular disease states. S1P induces eNOS-dependent vasorelaxation in epinephrinepreconstricted mesenteric arterioles derived from either rats or mice. 29 It is interesting to note that S1P-induced vasodilatation appears to be solely dependent on eNOS-derived NO, whereas bradykinin-induced response appears to depend both on eNOS/NO and endothelium-derived hyperpolarizing factor pathway. 29 In addition to S1P itself, several related molecules are also capable of modulating eNOS to induce vasodilatation responses. HDL, which is enriched in S1P (discussed below), is able to promote the dilation of phenylephrinepreconstricted rat thoracic aorta preparations by way of S1P 3 receptors and eNOS. 30 FTY-720 is a novel immunosuppressant, structurally related to sphingosine; this agent, when phosphorylated by the action of sphingosine kinase, binds to and activates S1P receptors. 74 Interestingly, in vivo administration of FTY-720 inhibits egress of lymphocytes from lymph nodes and Peyer's patches, leading to lymphocytopenia in peripheral blood. 74 A recent study reported that FTY-720 mediates eNOS-dependent vasorelaxation in phenylephrinepreconstricted mouse thoracic aorta preparations by way of S1P 3 receptor activation. 75 Collectively these studies help establish that treatment with S1P leads to physiologically relevant amounts of NO production in intact blood vessels.
It is important to note that in some experimental systems, S1P has been found to induce vasoconstriction responses instead of vasodilatation. For example, S1P-induced vasoconstriction was observed in canine basilar arteries, 71 in rodent cerebral arteries, 59, 60 and in mesenteric resistance arteries from aged rats. 76 In general, higher concentrations of S1P are required to elicit vasoconstriction (several 100 nanomolar to micromolar) than required for S1P-induced vasorelaxation, which typically shows an EC 50 in the low nanomolar range. Thus, different receptor subtypes and different cell types in the vascular wall may subserve S1P-mediated vasoconstriction responses. In support of this hypothesis, pharmacological as well as genetic experiments have shown that S1P 2 and/or S1P 3 receptor subtypes coupled with ROK may mediate S1P-provoked vasoconstriction in VSMCs. 60, 70, 77, 78 It has also been shown that pharmacological inhibition of NOS activity leads to an enhancement of S1P-elicited vasoconstriction, 76, 79 and conversely, S1P fails to induce vasorelaxation in eNOS null animals. 29 Further support for differential receptor-mediated vasorelaxation and vasoconstriction responses comes from studies in which S1P 1 antagonists were found to potentiate S1P-induced vasoconstriction responses in rodent cerebral arteries; however, effects of S1P 1 receptor antagonism are lost when the endothelium is removed from the blood vessel preparation. 60 Taken all together, these studies are consistent with a model in which S1P-dependent activation of endothelial S1P 1 receptors promotes vasorelaxation responses and antagonizes vasoconstriction by the activation of eNOS and production of NO-even in blood vessels where the response to high doses of S1P may lead to vasoconstriction. Thus, whether a given blood vessel preparation responds to S1P stimulation with vasodilatation or vasoconstriction may depend on multiple experimental variables: the animal species being studied, the vascular bed being analysed, the S1P concentrations used, S1P receptor subtype expression profile, as well as other factors (Figure 1) . Further studies are required for a more detailed understanding of the mechanisms whereby S1P and related lipids regulate vascular tone. It is notable that other classical GPCR pathways also show differential responses in vasoregulation: like S1P, the vasoactive neurotransmitter acetylcholine evokes eNOS-dependent vasorelaxation in ECs at lower ligand concentrations, yet promotes vasoconstriction at higher acetylcholine concentrations (or under conditions of endothelial dysfunction) by the activation of a distinct muscarinic receptor subtype located on VSMCs. 80 
Pathophysiological implications of sphingosine-1-phosphate-induced control of vascular tone
The central role of S1P in modulation of vascular tone may have important pathophysiological implications. For example, local S1P concentration may acutely increase when platelets get activated. It therefore seems plausible that platelet-derived S1P, for which concentrations may be locally regulated in spatially constrained regions of platelet activation, plays a key role in the activation of S1P receptors on vascular cells. Because eNOS-derived NO limits the degrees of platelet activation, adhesion, and Figure 1 Sphingosine-1-phosphate (S1P)-mediated regulation of vascular tone. The figure shows a schematic representation of how stimulation of the vascular wall with S1P may lead to modulation of vascular tone. Vascular endothelial cells (ECs) express sphingosine kinases (SphK) that catalyse ATPdependent phosphorylation of sphingosine (Sph) to produce S1P. S1P phosphatases dephosphorylate S1P back into sphingosine. Endothelial cells actively produce and release S1P into blood stream and appear to represent a major source of S1P in vivo, with red blood cells, and to a lesser extent, blood platelets also producing significant quantities of S1P. S1P metabolized by vascular smooth muscle cells (VSMCs) may modulate vascular tone as well. In blood, S1P is highly protein-bound and can be found in lipidprotein complexes with high-density lipoproteins (HDLs) or serum albumin. S1P binds to and activates S1P receptors expressed on endothelial cell surface, including S1P 1 as well as S1P 3 receptor subtypes. In other cell types, S1P has been found also to have intracellular sites of action, but cell surface receptors appear to modulate the principal responses to S1P in vascular cells. Ligand binding of endothelial cell S1P receptors modulates numerous downstream effect or molecules as summarized in the main text, under the control of the small GTP-binding cytoskeleton signalling protein Rac1. These S1P receptor-activated signalling events can lead to the activation of the endothelial isoform of nitric oxide synthase (eNOS), leading to the synthesis of the important vascular messenger molecule nitric oxide (NO). Endothelial cell-derived nitric oxide diffuses to vascular smooth muscle cells, where it binds with and activates the soluble isoform of guanylate cyclase (sGC), which in turn produces the messenger molecule cGMP. cGMP is the key determinant of the vasorelaxation responses evoked by S1P actions in the endothelium. In contrast, S1P is also able to bind with and activate S1P receptors expressed on the surface of vascular smooth muscle cells, including the S1P 2 as well as S1P 3 receptor subtypes. In vascular smooth muscle cells, ligand binding of S1P receptors leads to the activation of the small G-protein RhoA and its effector molecules, including Rho-associated protein kinase (ROK), as well as some isoforms of protein kinase C (PKC). Activation of the RhoA/ROK/PKC pathway by vascular smooth muscle cells S1P receptors ultimately leads to vasoconstriction responses by mechanisms summarized in the main text. Thus, the overall effects of S1P of blood vessels in regulation of vascular tone take place in a highly context-dependent manner based on the balance responses modulated by endothelial cells vs. vascular smooth muscle cells, and the differential roles of Rac1/NO/cGMP vs. RhoA/ROK/ PKC pathways. The effects of S1P on vascular tone can vary significantly between different vascular beds and different animal species; key experimental variables can influence S1P-mediated vascular responses, as vasoconstriction and vasorelaxation responses can be importantly affected by the S1P concentrations being studied, the specific S1P receptor subtype expression profiles present under different conditions, as well as other factors. See text for more details. aggregation, 81 it is tempting to speculate that S1P activation of eNOS plays a significant role during pathophysiological vascular thrombosis. Since platelet-related molecules other than S1P, including thrombin, 20 are also able to activate eNOS, it remains to be determined whether or not S1P activates eNOS in the face of vascular coagulation in vivo. Yet in blood vessels in which S1P exerts overall vasoconstriction responses, the local production of S1P by platelets might help reduce bleeding by decreasing local blood flow. In this context, it is noteworthy that S1P modulates functions of the molecules residing in focal adhesion sites and adherence junctions, as well as molecules localized in the cytoskeleton. 24 ,82 S1P thereby augments vascular integrity and decreases permeability, largely attributed to effects on vascular ECs (see review 82 ). It is also plausible that smooth muscle S1P receptors may elicit pathological spastic responses in cerebral arteries in the face of brain stroke associated with cerebral haemorrhage.
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S1P is enriched in HDL fractions of human serum (see review 10 ) and in serum albumin. HDL removes excess cholesterol from the vessel wall and delivers this cholesterol to liver; clinically, higher concentrations of HDL are associated with more favourable outcomes in the patients with cardiovascular diseases. In contrast, other lysophospholipids, such as lysophosphatidylcholine and lysophosphatidic acid, are present in higher concentrations in oxidized forms of lowdensity lipoproteins, which in turn are associated with increased cardiovascular risk. 83, 84 These observations raise the possibility that S1P and other lysophospholipids within various lipoprotein fractions may exert differential actions on vascular cells.
Concluding remarks
S1P is a key determinant of eNOS activity, and importantly influences NO-dependent signalling pathways in the vascular wall. S1P receptor-elicited molecular responses share both common and distinct features with other agonist-mediated eNOS activation pathways in vascular ECs. In contrast to the vasorelaxation elicited by S1P through S1P 1 receptors in vascular endothelium mediated by Rac1, S1P receptors in smooth muscle cells can elicit vasoconstriction responses through the activation of RhoA/ROK pathways, particularly at higher concentrations of S1P. Activation of vasorelaxing Rac1/eNOS pathways in ECs and of vasoconstricting RhoA/ ROK pathways in VSMCs are seen in response to diverse agonists in both cell types, but subtle differences in proximal receptor-specific molecular pathways translate into strikingly different physiological responses. Understanding the cross-talk and co-ordinated regulation of these S1P-modulated pathways in the vascular wall is a critical ongoing area of investigation. A major unanswered question relates to the cellular synthesis, transport, and ultimate delivery of S1P to vascular S1P receptors, a topic with important implications for the vascular disease states that are influenced by dyslipidemias and/or ameliorated by statins, in which S1P-modulated signalling pathways play a clear role in vascular pathophysiology.
